Abstract. Noncollinear phase-matched nonresonant four-photon frequency mixing co P + co P -co L -»co s in crystals and aqueous solutions of LiCl, CsCl, KF, and KI is studied. The concentration of the aqueous solutions is varied between 0.5 mol/1 and saturation. Picosecond laser pulses of a mode-locked Nd-glass laser are applied as pump pulses. The energy conversion of laser light at frequency co L to frequency co s is measured and the nonlinear susceptibilities % (3) are calculated. The dependence of the hyperpolarizabilities on concentration is analysed and gives information on the solute-solvent interaction.
PACS: 42.65, 61.20
Noncollinear phase-matched nonresonant fourphoton frequency mixing CDP + CDP -COL-* COS in water has been studied recently [1] . Picosecond laser pulses of a mode-locked Nd-glass laser at frequencies v L = 9480 cm" 1 (fundamental) and v P = 18,960 cm" 1 (second harmonic) were used as pump pulses and picosecond light pulses at frequency v s = 28,440 cm" 1 were generated. In this paper alkali halide crystals and aqueous alkali halide solutions are used as nonlinear media [2] . LiCl, CsCl, KF, and KI are selected to span a wide range of cations and anions. The concentration of the aqueous solutions is varied between 0.5 mol/1 and saturation. The energy conversions are measured and the nonlinear susceptibilities % (3) are calculated in the same manner as reported earlier [1] . The hyperpolarizabilities of the alkali halides are determined from the nonlinear susceptibility values. Their dependence on concentration is discussed.
Experiments
The experimental set-up is the same as described previously [1] . The interaction process CD P + CD P -co L ->co s is studied. The input picosecond pump pulses are generated by a mode-locked Nd-glass laser. A noncollinear geometry is used to achieve phasematching as is depicted in Fig. 1 . The input beams are focused with cylindrical lenses to obtain long interaction lengths at elevated intensities. The generated picosecond light pulses at frequency v s are detected with a photomultiplier tube. The photomultiplier and photodetector signals are registered with a computerized analogue-to digital converter system [3] .
0721-7269/82/0029/0037/S01.20 The parameters of the pump pulses are the same as reported earlier [durations zk L = 6ps (FWHM), At P = 5ps; cross-sections ZlxL = 7mm, Ay h = 0.11 mm, Ax P = 4.7mm, Zl_y p = 0.12mm; beam divergence outside cell z!6^ = 4xi(r 4 rad, A0 f P = 2 x 10" 4 rad]. The peak intensity 7 OP of the pump pulses at frequency v p is in the range between 1 x 10 9 and 4 x 10 9 W/cm 2 . Both input pump pulses are linear polarized in the vertical direction (y-axis). The sample length is 1 = 2 cm. The temperature is set to T=25°C. The crystals and the aqueous solutions are enclosed in cells with windows of quartz glass. The hygroscopic crystals are imbedded in nonpolar liquids (LiCl and CsCl in cyclohexane, KF in isopropanol, KI in toluene). The efficiency of energy conversion rj = W s /W h is measured. Figure 2 shows the results. The energy conversion is normalized to the energy conversion of neat water at the same input peak intensity I OP [^(H 2 0)~3xl (T 4 at / OP~3 xl0 9 W/cm 2 ]. The energy conversion of the solids is smaller than the energy conversion of the saturated aqueous solutions (approximately equal in case of CsCl). The energy conversion of KF solutions has a maximum at about 6mol/l and decreases to the solid state value at higher concentration. In saturated KI solution the energy conversion is increased by a factor of about twenty-five compared to water.
Nonlinear Susceptibilities
The four-photon frequency mixing process CD P + CD P -eo L ->eo s is caused by the third-order nonlinear polarization
. (1) In (1) the nonlinear susceptibility #
is defined according to [4] , i.e. P^ = 4e 0 x (3): EEE (in [1] we used P<*> = X (3) ;EEE [5] ).
A relation between the measured energy conversion rj(cp) and the nonlinear susceptibility xfylyi-^S'Wp^P'
[abbreviated # (3) ] was derived in [1] . The energy conversion at an angle cp 0 and a time delay t D between the input pulses is given by
The function K((p 0 ,t D ) describes the reduction of energy conversion due to phase-mismatch, imperfect temporal and spatial overlap as well as angular spread of the light pulses. One finds (Gaussian profiles are assumed)
f(cp -(p 0 ) describes the effect of the finite divergence of the light beams on the energy conversion. For an angular spread of the input pulses inside the sample of 
where
n f and n gi (i = S, P, L) are the phase and group refractive indices, respectively, a • are the absorption coefficients. t D describes the temporal delay between the pump pulses at the entrance face of the sample. The
term results from interference of the electrical field strength E s within the diffraction limited divergence [6] . At phase-matching cp 0 is
The function K would be equal to one for the idealized case of collinear phase-matched interaction (cp opt = 0, a f = 0, AG o = 0, Ak = 0, n t = n gi = constant, decreases towards the crystal value.
Apparent Hyperpolarizabilities
The nonlinear polarization P^l may be expressed in terms of nonlinear susceptibilities % (3) or in terms of average hyperpolarizabilities y [10, 11] 
In our special case of four photon frequency mixing it is y y y yy (-co 
The index 0 stands for neat water. y0 is calculated from the nonlinear susceptibility #
with aid of (7) to be 7 o = 5xl0 _62 Asm 4 /V 3 . The normalized apparent hyperpolarizabilities y'2/y0 of aqueous alkali halide solutions are depicted in Fig. 4 . The y2/y0 values of the crystals are included. The hyperpolarizabilities y'2 of the solutions are larger than the corresponding crystal values. y'2 of KI solutions increases with concentration from y'2/y 0~2 $ at c 2 = 0 mol/1 to y2/y 0~% 0 at c 2 = 6mol/l. The hyperpolarizabilities of CsCl and LiCl are approximately independent of concentration. In case of KF y'2 decreases with concentration from y'2/y 0~6 at 0mol/1 to y'2/y 0 2£ 1.3 at 12mol/1 (crystal value y 2 /y 0~l .l).
The apparent hyperpolarizabilities of the aqueous solutions seem to be mainly determined by the anions, since the CsCl and LiCl values at a fixed concentration differ only slightly while the KF and KI values are strongly different. 
Intrinsic and Interaction Hyperpolarizabilities
The hyperpolarizability of particles in condensed phase may be split into intrinsic and interaction contributions y = y i9) + y (i) . The intrinsic part y i9)
is the hyperpolarizability of the gaseous state. The interaction contribution y (i) results from the mutual interaction of neighbouring particles. In case of solutions the nonlinear susceptibility may be expressed as [7] z (3) = 24e 0 1000
are the mole fractions, y { f and y ( f represent the intrinsic hyperpolarizabilities, y^\ is the solvent-solvent, yf 2 the solute-solute, and 7 ( / 2 the solvent-solute interaction hyperpolarizability. The apparent hyperpolarizability y' 2 is related to the intrinsic and interaction components by, see (10) and (9), The hyperpolarizability of the neat solvent is y 0 = 7 ( / ) + y ( l\ while the hyperpolarizability of the neat solute is ya.n^y^ + y^-At infinite dilution (c 2 = 0) the apparent hyperpolarizability reduces to 7' 2j0 = 72 } + 7 ( i2~yfv Hyperpolarizability data of gaseous water and alkali halides would be necessary to determine the separate interaction terms 7 is large indicating the importance of interaction contributions to the hyperpolarizability of aqueous alkali halide solutions. At infinite dilution (c 2 =0) the interaction hyperpolarizability is largest for KF and weakest for KI. KF is known as a strong structure maker while KI acts as a strong structure breaker [12, 13] . The interaction hyperpolarizability 7 (l) should be independent of concentration. The observed changes of 7 (l) with concentration indicate changes of the solvent-solvent, solute-solute and solvent-solute interaction with concentration. These changes of interaction are thought to be due to structural changes of the electrolyte solutions with concentration. It should be noted that, for example, at a concentration of 6 mol/1 the average cationanion distance is only 0.65 nm and the hydration sheaths of the ions [14] overlap. The ionic volumes of K + , Cs + , F", and CI" are less than or approximately equal to the voids in water [14] . The particle volume of I" is larger than the voids and the strongest structural changes with concentration are expected for KI.
Anharmonic Oscillator Model
The nonlinear interaction of light fields with particles may be described by an anharmonic oscillator model [11, 15] -(n 2 -l)(n 2 -l) 2 (n 2 -l).
'4Ar 3 /V
The nonlinear susceptibility of solutions changes to the following expression by insertion of (12) into (9) v ( 
R' t are the apparent refractivities [7, 16] . They take into account concentration changes of the linear polarizability. The dashed curves in Fig. 3 are calculated with the aid of (14) (R f values from [7] ). The parameter i 2 /fi * s adjusted to fit the crystal susceptibility values. The deviation of the dashed curves from the measured solid curves indicates that in addition to the changes of X {3) determined by the linear polarizability the anharmonic coupling constant £ 2 is different for crystals and solutions.
